Introduction
============

Radiotherapy has played an important role in the treatment of carcinomas, such as lymphoma, breast cancer, and esophageal cancer, and can effectively improve patient survival time and quality of life.[@b1-ott-11-547],[@b2-ott-11-547] However, the long-term complications of radiotherapy have attracted increased attention and can partially offset the superior effects of radiotherapy.[@b3-ott-11-547] Radiation exposure of the heart has been associated with many complications in thoracic radiotherapy, and a previous study showed a 7.4% excess relative risk per Gy for major coronary events over five decades.[@b4-ott-11-547] These complications include pericardial effusion, pericarditis, conduction artery disease, myocardial defect, valvular disease, and conduction abnormalities.[@b4-ott-11-547]--[@b6-ott-11-547]

RIHD affects patient prognosis; therefore, the accurate prediction of RIHD is important. Dose--volume parameters and blood biochemical parameters are currently used as major factors for predicting RIHD, and dose--volume parameters are the most widely used predictors in clinical practice. In a review, Gagliardi et al reported that while one study found D~mediastinum~\>30 Gy to be a suitable predictor of RIHD, another study demonstrated that cardiac mortality due to ischemia could be predicted by D~35~\>38 Gy of the heart.[@b7-ott-11-547] Different standards have been adopted by various investigators, and cardiac movements might be a main reason for the errors of dose--volume parameters during RIHD prediction.

Dose--volume parameters for predicting RIHD are currently calculated based on traditional, static, 3DCT; however, the heart continually moves, and the resulting positional, volumetric, and morphological variations may lead to differences in dose--volume parameters during RIHD prediction.[@b8-ott-11-547],[@b9-ott-11-547] Therefore, it is necessary to analyze the variation regulations of the heart and its accessory structures in radiotherapy.

Cardiac movements include respiratory movements and cardiac activity. Some studies have shown that organ motion and cardiac dose can be reduced using the breath-hold technique, and the effect of respiratory movements on cardiac dose can also be effectively reduced.[@b10-ott-11-547]--[@b12-ott-11-547] Due to technological limitations, only few studies have previously analyzed the impact of cardiac activity on heart and substructures or quantified movements of the heart and substructures during the cardiac cycle. With advances in technology, ECG-gated technology combined with 4DCT can now achieve the real-time monitoring of heart movements during the cardiac cycle.[@b13-ott-11-547]--[@b15-ott-11-547] In this study, we used ECG-gated 4DCT based on breath holding to reduce the effect of respiratory movements and enable the acquisition of complete images of the heart and its substructures during the cardiac cycle. This technique was beneficial for analyzing the influence of cardiac activity on the heart and its associated substructures.

In this study, the positional, volumetric, and morphological variations of the heart, pericardium, and LVM were quantified based on ECG-gated 4DCT.

Patients and methods
====================

Patient selection
-----------------

Twenty-two patients who underwent ECG-gated 4DCT based on breath hold between March 2015 and November 2016 were analyzed retrospectively. Among the 22 patients, 12 were male, and 10 were female; the patients were aged between 35 years and 67 years with a median age of 58 years ([Table 1](#t1-ott-11-547){ref-type="table"}). Esophageal tumors were evaluated in this study. This study was approved by the Research Ethics Board of the Shandong Cancer Hospital, and written informed consent was obtained from all patients.

4DCT acquisitions
-----------------

All 22 patients underwent 4DCT scans, and all 4DCT images were acquired using a Siemens dual-source CT scanner (Siemens SOMATOM Definition; Munich, Germany). The scans covered the area from the thoracic inlet to the bottom of the heart. CT images were reconstructed for each 5% of the cardiac cycle, resulting in 20 cardiac cycle images (0%, 5%, 10%, etc., through 95%). Images were reconstructed with a slice thickness of 0.75 mm and an increment of 0.5 mm. All images were imported into MIM Maestro 6.6.9 (MIM Software Inc., Cleveland, OH, USA) workstation to delineate and analyze the heart, pericardium, and LVM.

Delineation protocols of the heart, pericardium, and LVM
--------------------------------------------------------

The heart upper boundary was the top of the left atrium, and the lower boundary was the apex cordis. The pericardium upper boundary was consistent with the heart upper boundary, and the lower boundary was defined as a loss of visual confirmation of the pericardium structure. The LVM ranged from the top of the left ventricle to the apex cordis, and the interventricular septum was not included. The window width/level was 400/40 ([Figure 1](#f1-ott-11-547){ref-type="fig"}). All structures were contoured by the same radiation oncologist and were then reviewed by a second one.

Data analysis
-------------

The displacements of the heart, pericardium, and LVM were calculated in reference to 0% phase CT images for the X, Y, and Z axes, which represented the left and right, ventral and dorsal, and caudal and cranial directions, respectively. The volumes of the heart, pericardium, and LVM in the different phases were calculated. The DSC of the heart, pericardium, and LVM in different phases in reference to the 0% phase was calculated using the formula DSC =2\|A∩B\|/(\|A\| + \|B\|), where A represents the volume in the 0% phase and B represents the volume in the other phase (5%--95%); \|A∩B\| represents the volume of the intersection between A and B, which was obtained using the "Boolean operation" in MIM Maestro 6.6.9. The variation in the volume/DSC/morphological parameter was defined as the relative difference between the maximum volume/DSC/morphological parameter value and the minimum volume/DSC/morphological parameter value, which were presented as percentage. The maximum and minimum DSC phases were defined as the extreme phases with the largest morphological variations. Morphological parameters, such as the max 3D diameter, roundness, spherical disproportion, sphericity, and surface area, which were used to evaluate the morphological variations of the cardiac structures, were analyzed in the maximum and minimum DSC phases for the heart, pericardium, and LVM based on a recognized software, IBEX software, which was developed by the University of Texas MD Anderson Cancer Center. The morphological parameters are defined as follows: 1) Max 3D diameter: This measures the largest pairwise Euclidean distance $\left( {= \sqrt{{(x_{1} - x_{2})}^{2} + {(y_{1} - y_{2})}^{2} + {(z_{1} - z_{2})}^{2}}} \right)$ between voxels on the surface of the organ volume. 2) Roundness: This parameter measures how much the binary mask is close to circle in two dimensions and quantifies how much the shape of an image object is similar to an ellipse/ellipsoid. To calculate roundness, we must first compute roundness value in two dimensions slice by slice, where roundness =1−regionprops (2DMask, "Eccentricity"), and then compute the mean of roundness value among the slices. 3) Spherical disproportion: This parameter is used to describe the degree of dissimilarity of organs and spheres. 4) Sphericity: This parameter is used to quantify how spherical an organ object is and is useful in describing overall organ geometry. 5) Surface area: This measures the surface area of an organ. All data are reported as the means ± standard deviations. The static contour of the pericardium in the maximum and minimum volume phases was compared to the dynamic heart to analyze whether it could ensure the safety of the heart by contouring the pericardium as an OAR during radiotherapy.

Statistical analysis
--------------------

All data were analyzed using SPSS v19.0 software (SPSS Inc., Chicago, IL, USA). Nonparametric testing was preferred across all analyses. Moreover, as the comparison was implemented across one patient's maximum and minimum recorded values, the related sample test was used; the Wilcoxon signed-rank test was used to compare two groups in this study. Differences were considered significant at *p*\<0.05.

Results
=======

Positional variations in the heart, pericardium, and LVM
--------------------------------------------------------

The displacements in the LVM were larger than those in the heart and pericardium, and the largest displacement in the LVM occurred along the Y axis. The largest displacements were 1.2±0.9 mm, 0.8±0.6 mm, and 4.1±2.8 mm for the heart, pericardium, and LVM, respectively ([Table 2](#t2-ott-11-547){ref-type="table"}).

Volumetric and DSC variations in the heart, pericardium, and LVM
----------------------------------------------------------------

As shown in [Table 3](#t3-ott-11-547){ref-type="table"} and [Figure 2](#f2-ott-11-547){ref-type="fig"}, the differences between the maximum volume and minimum volume were significant during the cardiac cycle for the heart, pericardium, and LVM (*p*\<0.001). The maximum and minimum DSCs for the heart, pericardium, and LVM were also significantly different (*p*\<0.001). However, the volumetric and DSC variations of the LVM were larger than those of the heart and pericardium, and the mean values of the variations in the volume and DSC for the LVM were 1.47-fold and 18.29-fold greater than those of the heart and 1.92-fold and 35.45-fold greater than those of the pericardium, respectively.

[Figure 3](#f3-ott-11-547){ref-type="fig"} shows that the volumetric variations of the LVM were inconsistent with those of the heart and pericardium. The volumes of the heart and pericardium decreased at first and later increased, whereas the volume of the LVM increased at first and later decreased.

Morphological parameter variations of the heart, pericardium, and LVM
---------------------------------------------------------------------

The mean values of the variations in the morphological parameters were in the ranges of 4.28%--17.41%, 3.50%--9.28%, and 15.36%--48.76% for the heart, pericardium, and LVM, respectively. For the heart and pericardium, not all morphological parameters were significantly different between the maximum DSC phase and the minimum DSC phase (*p*=0.012, *p*=0.003, *p*=0.067, *p*=0.073, and *p*=0.006, respectively, for max 3D diameter, roundness, spherical disproportion, sphericity, and surface area of the heart, and *p*=0.033, *p*=0.073, *p*=0.654, *p*=0.681, and *p*=0.117, respectively, for the pericardium). All morphological parameters were significantly different between the maximum DSC phase and the minimum DSC phase for the LVM (*p*=0.005, *p*=0.001, *p*=0.006, *p*=0.006, and *p*=0.010, respectively) ([Table 4](#t4-ott-11-547){ref-type="table"}).

Comparison of the static contour of the pericardium to the dynamic heart
------------------------------------------------------------------------

Most of the phases of the heart were included in the maximum pericardium volume. The volume of the dynamic heart beyond the static contour of the maximum pericardium volume was 2.14±1.80 cm^3^, and the proportion was 0.40%±0.32% (0.01%--1.53%). The volume of the dynamic heart beyond the static contour of the minimum pericardium volume was 22.68±20.55 cm^3^, and the proportion was 3.94%±3.18% (0.00%--13.77%).

Discussion
==========

In the present study, the variations of the heart, pericardium, and LVM during the cardiac cycle were quantified, and the possible impact of these variations on the dose--volume parameters was analyzed.

ECG-gated 4DCT based on breath hold was used in the present study to acquire complete images of the heart during the cardiac cycle and to simultaneously reduce the effect of respiratory movements. A series of studies from Denmark showed that a reduction of 80%--90% in the cardiac V~50%~ can be achieved by deep inspiration breath holding compared with free breathing, that cardiac mortality can be reduced by 4.7% via breath holding compared with free breathing in left-sided breast treatments, and that the median normal tissue complication probability of cardiac mortality was only 0.1%.[@b16-ott-11-547] Mast et al also suggested that the left anterior descending region had an average volume reduction for the 20 Gy of 20% in treatment plans based on breath holding compared with those based on free breathing.[@b17-ott-11-547] Therefore, variations of the heart and substructures during the cardiac cycle can be described more accurately using the breath-hold technique because this method has a minimal effect for respiratory movements on the heart.

Kataria et al analyzed the positional variations of the left ventricle and found that the maximum displacement occurred in the ventral--dorsal direction.[@b18-ott-11-547] The conclusion of the present study was similar to this observation, and the largest displacement of the LVM was found along the Y axis. This observation also indicated that systole and diastole mainly led to positional variations in the LVM along the Y axis during the ejection and congestion of the left ventricular region. This displacement can cause a significant dose variation and injury in the OAR for patients whose target is close to the LVM. The displacement of the heart and pericardium was smaller than that of the LVM, indicating a smaller effect of the cardiac activity on the whole heart, and the dose variations caused by positional variations would be smaller than those of the LVM.

The volumetric and DSC variations in the cardiac cycle were remarkable for the heart, pericardium, and LVM and could cause some difficulty in calculating dose--volume parameters. The volumetric variations of the heart were consistent with those of the pericardium in different phases, indicating that the movements of the heart and pericardium were synchronous. The variations of volume and DSC for the pericardium were smaller than those of the heart, indicating that the effects of the cardiac activity on volume and morphology were smaller in the pericardium. As stable pericardium volume and morphology would result in stable dose--volume parameters, the methods of evaluating and limiting the cardiac dose by contouring the pericardium as an OAR in clinical practice could reduce the effect of the cardiac activity on dose--volume parameter evaluation and increase its accuracy. However, the volumetric and DSC variations of the LVM were greater than those of the heart and pericardium; the mean value of the variations in DSC for the LVM was 18.29-fold and 35.45-fold greater than those for the heart and pericardium, respectively. In addition, these remarkable variations in the volume and morphology of the LVM contribute most to the difficulty in accurately calculating dose--volume parameters and merit more attention.

To describe the morphological variations of the heart, pericardium, and LVM during the cardiac cycle in more detail, we analyzed the morphological parameters of these areas using IBEX software. These data indicated that the morphological variations of the heart and pericardium were not remarkable. All morphological parameters of the LVM were significantly different, indicating that the morphological variations of the LVM were not consistent with those of the heart and pericardium, which could lead to differences among the dose--volume parameter variations of the LVM, heart, and pericardium.

Folgar-Torres et al considered that the proper contouring of the left ventricular wall was more beneficial to limiting doses and could reduce the occurrence of long-term cardiac events during breast cancer radiotherapy.[@b19-ott-11-547] Tan et al also recommended including the left ventricle as an additional OAR in treatment plans.[@b20-ott-11-547] Thus, considering left ventricular dose solely in radiotherapy plans has important implications for reducing RIHD, and the viewpoint of the present study is consistent with this observation. In this study, the volumetric variations of the LVM were not consistent with those of the heart and pericardium, and combined with the inconsistency of the morphological variations mentioned above, the LVM movements cannot be replaced by the movements of the heart or pericardium. In addition, the dose--volume parameters applicable to the heart movements were not necessarily suitable for the LVM. Therefore, evaluating dose--volume parameters using the heart or pericardium as an OAR was not always effective for LVM protection. Limiting the dose--volume parameters of the LVM separately should be considered when designing radiotherapy plans. For example, extending a certain margin for LVM as an OAR to limit the dose--volume parameters could be performed in clinical practice.

The method of evaluating cardiac dose by contouring the pericardium as an OAR has exhibited increased accuracy, as mentioned above, but can the safety of the heart be ensured during the cardiac cycle using this contour method? To examine this question, the volume of the dynamic heart beyond the static contour of the pericardium was calculated. The largest volume of the dynamic heart beyond the pericardium was 13.77%, and this volume was mainly concentrated on top of the heart and in the regions of the left boundary of the left ventricle. Thus, methods of evaluating cardiac dose by contouring the pericardium as an OAR based on static 3DCT may not necessarily ensure the safety of the heart during radiotherapy. The heart and left ventricular region might receive high-dose irradiation due to an inaccurate evaluation. Therefore, dose evaluation while using the pericardium as an OAR based on static 3DCT should be performed carefully when designing radiotherapy plans.

Compared to the simplex positional variation of the previous studies, the volumetric and morphological variations of the heart and substructures following cardiac activity were quantified in this study, and these results could be used to provide a basis for evaluating dose--volume parameters and protecting OARs. This study also had several limitations. First, this study only involved 22 patients, representing a relatively small sample size; a larger sample should be studied in the future to make the results more convincing. Second, the study did not consider variations of more elaborate cardiac substructures, such as the coronary artery, because the variation of the coronary artery is more complex, the technology available was limited, and the manner of description is different from that of the heart; however, we intend to study this in the future. Finally, this study estimated dose--volume parameter variations based on volumetric and morphological variations instead of quantifying them; however, quantifying dose--volume variations following cardiac activity could guide clinical practice in a preferable manner and represents an important future direction of this line of research.

Conclusion
==========

The results indicate that the heart, pericardium, and LVM exhibit continuous movement during the cardiac cycle, and the LVM variation was notable when compared to the variations of the heart and pericardium. The volumetric and morphological variations of the heart were similar to those of the pericardium but were not consistent with those of the LVM. The inconsistency in these variations between the LVM and the heart and pericardium indicates that the protection of the LVM should be considered separately. Moreover, this study found that protecting the heart by contouring the pericardium as an OAR on the static 3DCT images might not necessarily ensure the safety of the heart during radiotherapy.
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![Delineation of the heart, pericardium, and LVM.\
**Notes:** (**A**) Delineation of the heart, pericardium, and LVM in transverse section. (**B**) Delineation of the heart, pericardium, and LVM in sagittal section. (**C**) Delineation of the heart, pericardium, and LVM in coronal section. Heart delineation is shown in yellow, pericardium delineation is shown in red, and LVM delineation is shown in blue.\
**Abbreviation:** LVM, left ventricular myocardium.](ott-11-547Fig1){#f1-ott-11-547}

![Morphological variations of different phases of the heart, pericardium, and LVM.\
**Notes:** (**A**) Delineation of the heart in different phases. (**B**) Morphological variations of different phases of the heart on CT (a significant difference was observed for the left boundary of the LVM). (**C**) Differences in the left boundary of the LVM are represented using pseudocolors, and significant differences are shown in red. (**D**) Delineation of the pericardium in different phases. (**E**) A case showing the LVM in the maximum DSC phase. (**F**) The same case showing the LVM in the minimum DSC phase. (**G**) The same case showing the LVM in the maximum and minimum DSC phases in one CT image; the variation of DSC was 700%. (**H**) Delineation of the LVM in different phases.\
**Abbreviations:** LVM, left ventricular myocardium; CT, computed tomography; DSC, dice similarity coefficient.](ott-11-547Fig2){#f2-ott-11-547}

![Volumetric variation of the heart, pericardium, and LVM.\
**Note:** The volumetric variation of the LVM was not consistent with those of the heart and pericardium; the volume of heart and pericardium decreased at first and later increased, and the volume of the LVM increased at first and later decreased.\
**Abbreviation:** LVM, left ventricular myocardium.](ott-11-547Fig3){#f3-ott-11-547}

###### 

Patient characteristics

  Gender   Number   Median age    Tumor type
  -------- -------- ------------- ----------------------------
  Male     12       58 (35--67)   Thoracic esophageal cancer
  Female   10                     

###### 

Displacements of the heart, pericardium, and LVM in reference to 0% phase CT images (mean ± standard deviation, mm)

                X         Y         Z
  ------------- --------- --------- ---------
  Heart         1.2±0.9   0.6±0.5   0.6±0.5
  Pericardium   0.5±0.4   0.4±0.3   0.8±0.6
  LVM           1.0±0.8   4.1±2.8   1.9±1.2

**Abbreviations:** LVM, left ventricular myocardium; CT, computed tomography.

###### 

Volumetric and DSC variations of the heart, pericardium, and LVM

                  Maximum         Minimum         Variation (%)   *p*-value
  --------------- --------------- --------------- --------------- -----------
  Volume, cm^3^                                                   
   Heart          574.24±117.26   493.15±99.65    16.49±3.85      \<0.001
   Pericardium    682.64±134.10   605.96±114.33   12.62±3.94      \<0.001
   LVM            82.36±19.19     66.31±14.67     24.23±11.35     \<0.001
  DSC                                                             
   Heart          0.974±0.006     0.885±0.018     10.08±2.14      \<0.001
   Pericardium    0.982±0.005     0.934±0.015     5.20±1.54       \<0.001
   LVM            0.896±0.028     0.351±0.098     184.33±128.61   \<0.001

**Abbreviations:** DSC, dice similarity coefficient; LVM, left ventricular myocardium.

###### 

Comparison of the morphological parameters of the heart, pericardium, and LVM in the maximum and minimum DSC phases

                            DSC~max~       DSC~min~       Variation (%)   *p*-value
  ------------------------- -------------- -------------- --------------- -----------
  Max 3D diameter                                                         
   Heart                    14.23±0.92     13.82±1.01     4.28±3.20       0.012
   Pericardium              15.78±1.14     15.47±1.36     3.50±3.06       0.033
   LVM                      9.77±0.81      8.54±0.87      18.70±5.08      0.005
  Roundness                                                               
   Heart                    0.41±0.05      0.39±0.06      7.41±6.05       0.003
   Pericardium              0.43±0.05      0.42±0.05      5.38±3.95       0.073
   LVM                      0.10±0.03      0.12±0.02      15.36±9.22      0.001
  Spherical disproportion                                                 
   Heart                    1.22±0.11      1.17±0.08      8.36±7.77       0.067
   Pericardium              1.09±0.05      1.10±0.06      3.58±4.82       0.654
   LVM                      2.71±0.41      2.01±0.38      48.76±19.86     0.006
  Sphericity                                                              
   Heart                    0.82±0.07      0.86±0.05      7.67±6.17       0.073
   Pericardium              0.92±0.04      0.91±0.05      3.81±5.56       0.681
   LVM                      0.38±0.08      0.51±0.09      35.78±14.87     0.006
  Surface area                                                            
   Heart                    397.38±70.75   352.82±56.02   17.41±10.06     0.006
   Pericardium              397.99±65.85   380.78±59.56   9.28±7.84       0.117
   LVM                      220.37±37.82   175.06±44.85   38.72±20.90     0.010

**Abbreviations:** DSC, dice similarity coefficient; LVM, left ventricular myocardium.
